It has been reported that DNA double-strand breaks (DSB) can be induced by cytoplasm irradiation, and that both reactive free radicals and mitochondria are involved in DSB formation. However, the cellular antioxidative responses that are stimulated and the biological consequences of cytoplasmic irradiation remain unknown. Using the Single Particle Irradiation system to Cell (SPICE) proton microbeam facility at the National Institute of Radiological Sciences ([NIRS] Japan), the response of nuclear factor (erythroid-derived 2)-like 2 (NRF2) antioxidative signaling to cytoplasmic irradiation was studied in normal human lung fibroblast WI-38 cells. Cytoplasmic irradiation stimulated the localization of NRF2 to the nucleus and the expression of its target protein, heme oxygenase 1. Activation of NRF2 by tert-butylhydroquinone mitigated the levels of DSB induced by cytoplasmic irradiation. Mitochondrial fragmentation was also promoted by cytoplasmic irradiation, and treatment with mitochondrial division inhibitor 1 (Mdivi-1) suppressed cytoplasmic irradiation-induced NRF2 activation and aggravated DSB formation. Furthermore, p53 contributed to the induction of mitochondrial fragmentation and activation of NRF2, although the expression of p53 was significantly downregulated by cytoplasmic irradiation. Finally, mitochondrial superoxide (MitoSOX) production was enhanced under cytoplasmic irradiation, and use of the MitoSOX scavenger mitoTEMPOL indicated that MitoSOX caused alterations in p53 expression, mitochondrial dynamics, and NRF2 activation. Overall, NRF2 antioxidative response is suggested to play a key role against genomic DNA damage under cytoplasmic irradiation. Additionally, the upstream regulators of NRF2 provide new clues on cytoplasmic irradiation-induced biological processes and prevention of radiation risks.
addition, cytoplasmic irradiation led to a notable increase in micronucleus formation in non-irradiated neighboring cells (ie, radiation-induced bystander effects). 5 Induced production of reactive free radicals, including reactive oxygen species (ROS) and nitric oxide (NO), was observed in mammalian cells exposed to irradiation. 6 Reactive free radicals can directly damage DNA and are considered the key factor in cytoplasmic irradiation-induced DNA oxidative damage and DSB, 3, 4 also acting as signaling molecules of specific biological pathways to stimulate stress responses. 7 As targets of cytoplasmic irradiation, 8 mitochondria show altered dynamics, which is associated with mitochondrial malfunction and the occurrence of diseases, 9 as observed in immortalized human small-airway epithelial cells (SAE), 10 accompanied by a reduction in respiratory chain functions and enhanced mitochondrial superoxide production. Another study showed that mitochondrial DNA largely depleted ρ 0 Hela cells showing weaker p53 binding protein 1 (53BP1) foci formation after cytoplasmic irradiation than normal Hela cells. 4 Moreover, ρ 0 Hela cells could not produce bystander damage signal after cytoplasmic irradiation. These results indicated that mitochondria are not only a target but are also key mediators of DNA damage signaling under cytoplasmic irradiation. Nuclear factor (erythroid-derived 2)-like 2 (NRF2) regulates the expression of proteins acting against oxidative damage 11, 12 and NRF2-mediated antioxidative pathways play important roles in maintaining the equilibrium of cellular oxidative status. Under normal conditions, cytoplasmic NRF2 is kept in association with a cluster of proteins that degrades it through the ubiquitin-mediated pathway;
under stress conditions, NRF2 dissociates from this protein complex and translocates from the cytoplasm to the nucleus where it binds DNA and initiates the transcription of its targets. Most NRF2 targets reported to date are proteins involved in decreasing the cellular oxidative level or anti-inflammation, such as NAD(P)H quinone oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1), and sulfiredoxin 1 (SRXN1). Proteins involved in other physiological processes such as DNA damage repair and autophagy are also targets of NRF2; these include 53BP1, 8-oxoguanine DNA glycosylase (OGG1), and sequestosome-1 (SQSTM1). 13, 14 Chemicals that stimulate NRF2 pathways can attenuate cell damage induced by various types of stresses, including ionizing radiation. 15, 16 Because cytoplasmic irradiation resulted in nucleus DNA damage and bystander effects, the potential carcinogenic risk for cells when only the cytoplasm is irradiated has been surmised for the low-dose environmental radiation emitted by radon. 3 Therefore, understanding the biological processes that modulate cytoplasmic irradiation-induced DNA damage will be valuable not only for radiation protection, but also for radiobiology considerations. In the present study, we found that the NRF2-mediated antioxidative response was activated by cytoplasmic irradiation and alleviated the induced DSB levels. Additionally, p53, mitochondrial dynamics, and mitochondrial superoxide were associated with NRF2 activation.
| MATERIAL S AND ME THODS

| Cell culture
Normal human lung WI-38 fibroblasts were obtained from RIKEN Bioresource Center and cultured in DMEM (Wako Pure Chemical Industries Ltd, Osaka, Japan) supplemented with 10% FBS plus 100 μg/mL streptomycin and 100 U/mL penicillin, under a humidified atmosphere with 5% CO 2 at 37°C.
| Reagents
The following primary antibodies were used: anti-NRF2 (Abcam, 
| Cytoplasmic irradiation with microbeam
Cytoplasmic irradiation was carried out on the Single Particle Irradiation system to Cell (SPICE) proton microbeam facility at the National Institute of Radiological Sciences (NIRS) in Japan. Physical features of SPICE, methods for cell culturing, and cytoplasmic irradiation conditions were described previously. were treated with 1 μg/mL fibronectin dissolved in PBS for 1 hour at 37°C to enhance attachment of cells to PP film. A cell suspension (1 mL; 15 000 cells/mL) was plated into the dish and cultured for 48 hours; 0.5 hours before irradiation, the cell culture medium was replaced with medium containing 1 μg/mL Hoechst 33342 (Dojindo Laboratories, Tokyo, Japan) for nuclei visualization and for determining the coordinates of each nucleus within the dish during irradiation. Just before irradiation, the medium was drained off the dish.
To avoid dehydration, a 6-μm-thick PP film covered the cells during the irradiation process. The dish was set on the X-Y motorized stage of the SPICE microscopic system 2 to obtain fluorescence images of nuclei in a 1.64 × 1.64 mm 2 area. All nuclei were considered elliptical in shape to calculate the center position of the nucleus, and the cytoplasm was targeted at two off-centered positions, which were 14 μm apart from the nucleus center in the direction of the major axis. All irradiation procedures, including image capturing, X-Y coordinates calculation, and irradiation itself were carried out within 10 minutes for each sample. After irradiation, cell culture media were added to the dish and the cells were incubated under routine culturing conditions for analysis. 
| Immunofluorescence staining
| Mitochondrial morphology evaluation
Cytochrome c oxidase IV (COX IV), which is localized on the inner membrane of mitochondria, is involved in mitochondrial electron transport and is used as a mitochondrial marker. In the present study, COX IV immunofluorescence staining was used to evaluate whether cytoplasmic irradiation induced changes in mitochondrial morphology. Thus, after irradiation, cells were fixed and subjected to immunofluorescence staining of COX IV. After counterstaining with Hoechst 33342, images were captured on the SPICE off-line microscope and NIH ImageJ was used to assess mitochondrial morphology. Mitochondrial dimensions were converted from pixels to actual size in μm, and the percentage of tubular mitochondria in the total mitochondrial mass was quantified to reflect mitochondrial fragmentation.
| Measurement of mitochondrial superoxide production
To detect the level of mitochondrial superoxide production, 0.5 and 2 hours after cytoplasmic irradiation, cells were washed with a prewarmed buffer. A freshly prepared working solution containing 5 μmol/L MitoSOX Red was used to incubate the cells for 10 minutes at 37°C under a 5% CO 2 atmosphere. After another wash with the prewarmed buffer, MitoSOX Red fluorescence was recorded by the offline SPICE microscope and its intensity was analyzed by NIH ImageJ.
| Statistical analysis
At least 100 randomly selected cells were analyzed for each experimental sample. Data are presented as mean ± SD from at least three independent experiments. Statistically significant differences between treated and control groups were determined by ANOVA in IBM SPSS Statistics (International Business Machines Corporation, Somers, NY, USA) or by Student's t test in SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA). Symbols # and ## indicate significant differences at P < .05 and P < .01, respectively.
| RE SULTS
| Cytoplasmic irradiation enhanced nucleus localization of NRF2
To confirm the precise cytoplasm-targeted radiation to WI-38 by 
| Activation of NRF2 alleviated cytoplasmic radiation-induced DSB
Cytoplasmic irradiation can lead to DNA damage in the nucleus, including DSB, which is considered the most hazardous to cells. 4 We therefore investigated the effects of activated NRF2 on DSB formation after cytoplasmic irradiation. To activate NRF2, tBHQ 
| Mitochondrial fragmentation promoted NRF2 translocation
At 3 and 6 hours after cytoplasmic irradiation by 500 protons, immunofluorescence visualization of COX IV was carried out to detect morphological changes in the mitochondria. Fluorescence intensity was normalized to that of non-irradiated cells. Scale bar, 50 μm. IR, irradiation. # and ## indicate significant differences at P < .05 and P < .01, respectively
As shown in Figure 3A , in the non-irradiated cells, approximately 58% of the mitochondria showed tubular morphology. Overall, these results showed that p53 transcription activity contributed to mitochondrial fragmentation and NRF2 nucleus localization, although its expression was decreased by cytoplasmic irradiation.
| Mitochondrial superoxide stimulated NRF2 translocation
The mitochondrion is a defined target of cytoplasmic irradiation. 8, 20 Because elevated levels of ROS in cells after ionizing radiation are common, and NRF2 is an oxidative stress responsive protein, we We further checked the effect of mitoTEMPOL on cytoplasmic radiation-induced γH 2 A.X levels. As shown in Figure 5D , in mito-TEMPOL pretreated cells, γH 2 A.X levels decreased to 87% and 79% compared to those in the mock treated and irradiated cells after 200 or 500 protons irradiation, respectively. Together with the above observations, cytoplasmic radiation-induced mitochondrial superoxide elevation acted not only as the DNA-damage agent, but also as a signaling factor to promote cellular self-protection.
| D ISCUSS I ON
A canonical theory in radiation biology is that genomic DNA is the main target for radiation-induced genotoxicity. Genomic DNA As a key regulator of oxidative stress in mammalian cells, 24, 25 one of the functions of NRF2 is to transcriptionally activate the expression of proteins such as HO-1, NQO1, and SRXN1, to reduce oxidative stress. In the present study, we first confirmed that the NRF2 antioxidative pathway could respond to cytoplasmic irradiation, which was reflected by increased nuclear localization of NRF2 or 500 protons. Four hours later, γH 2 A.X formation was detected. IR, irradiation. # and ## indicate significant differences at P < .05 and P < .01, respectively BRCA1 and RAD51, and further identified that NRF2 could bind the promoter region of 53BP1 and induce its expression. 30 However, a variety of post-transcription modifications of p53 have been found to be associated with its stability. 36 Thus, cytoplasmic irradiation might result in acetylation, methylation, or phosphorylation of p53 and its destabilization, which should be further investigated. We also observed that inhibition of p53 transcription activity by pifithrin-α repressed NRF2 nucleus accumulation after cytoplasmic irradiation. Tung et al 37 found that the expression of NRF2 was not suppressed in non-small cell lung cancer cell lines harboring mutant p53. However, wild-type p53 inhibited NRF2 expression by binding the NRF2 promoter and eliminating its recruitment of SP1.
On the contrary, another report showed that in neuroblastoma with increased cellular nitric oxide level, p53 bound the promoter of peroxisome proliferator-activated receptor-γ coactivator-1 α and stimulated its expression. 38 This further resulted in the activation of NRF2-mediated antioxidative responses. P21 is a transcription target of p53, and it can stabilize NRF2 by binding to KEAP1 and interfering with NRF2 ubiquitylation and degradation. 39 Thus, the roles of p53 on NRF2 activation might be controlled by cellular and biological contexts.
Mitochondria are mobile organelles operating in dynamic networks that join each other by a process named fusion and fragment by a process named fission. There is emerging recognition that disordered mitochondrial dynamics contribute to the pathogenicity of complex diseases, 9 and that extracellular stimuli affect mitochondrial dynamics. 40 Mitochondrial fragmentation was ob- with fragmented mitochondria and promoted cell viability. 46 These studies indicated that p53 has different effects on stress-induced mitochondrial fragmentation. We also observed that mitoTEMPOL treatment suppressed mitochondrial fragmentation, highlighting the importance of mitochondrial superoxide in disturbing the physiological equilibrium of cytoplasm-irradiated cells.
In summary, by using a proton microbeam radiation facility, we identified that cytoplasmic irradiation stimulated the NRF2 antioxidative response for protection against cytoplasmic irradiationinduced DNA damage. In addition, p53 transcription activity was found to be important for promoting mitochondrial fragmentation, which further led to the activation of the NRF2 antioxidative response. Elevation of mitochondrial superoxide after cytoplasmic irradiation was an elicitor for NRF2 activation and for changes in p53 level and mitochondrial morphology. Our results provided new evidence on the importance of oxidative stress responses in regulating nuclear DNA damage induced by cytoplasmic irradiation.
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